highly unlikely to do so) cause chromosome breakage, but they rarely, if ever, cause chromosome rearrangements (Harnden 1974b) .
While one must hesitate to make sweeping generalizations, it does seem that in those virus cell interactions which frequently lead on to cellular transformation and malignancy, chromosome rearrangement as opposed to chromosome breakage is common. Lastly, many chemical substances cause chromosome damage when applied to cultured cells at nontoxic doses, but the relationship of such damage to malignant transformation is not easy to assess. Chemically induced cellular transformation in vitro does occur (e.g. Rhim & Huebner 1973 ) but it is not as easy to effect as viral transformation. It seems, therefore, that chemical damage to chromosomes does not necessarily lead on to malignancy.
Recent studies of ours with nitrophenylenediamines have made consideration of this point most important (Searle et al. 1975) . In this case chromosome damage was demonstrated in cultured human lymphocytes at levels just below the toxic level. The compound concerned (2nitro-para-phenylenediamine) is a constituent widely used in semi-permanent hair dyes and a very large number of people are using these dyes and applying high concentrations directly to the skin of the scalp. It is essential therefore to try to determine whether this is evidence that these substances constitute a potential human hazard. Similarly, in workers exposed to vinyl chloride there is evidence that chromosome aberrations may be demonstrated in lymphocytes cultured from peripheral blood (Funes-Cravioto et al. 1975) . Is this an indication that such patients are at risk of getting cancer? Probably the best way to find an answer is by analogy with ionizing radiation. At low levels of radiation an appreciable amount of chromosome damage may be demonstrated in cultured lymphocytes even though the cancer risk must be very low assuming a linear dose response relationship for cancer induction. At high doses where the chromosome damage is considerable the incidence of cancer, though elevated, represents only a tiny fraction of those in whom damaged chromosomes are found. It seems reasonable, therefore, to suggest that a chromosome damaging agency whether chemical, physical or biological should be regarded as a potential carcinogen, but the induction of chromosome damage does not necessarily mean that malignancy will ensue. It does, however, make it more likely, and, if the damage is dose related as with radiation, the amount of damage will be some measure of risk. Lymphoid leukosis is a lymphoproliferative disease of fowl caused by RNA tumour viruses. No definitive therapy or efficient preventive measure has yet been developed to control the disease. Attempts have been made to breed chickens resistant to leukosis in the past but with very little success. During the past fifteen years, however, progress has been made in understanding the genetic basis of resistance to infection by avian tumour viruses. The finding that host genes regulate cellular infection has stimulated the interest of population geneticists in the possibility that these genes could be fixed in chicken lines in order to breed leukosis-resistant stock. Recently, the finding that normal chick cells carry endogenous RNA tumour virus information has aroused the interest of oncologists and molecular biologists who believe that the chicken may be a useful model for the investigation of oncogenesis in man.
Leukosis-sarcoma Viruses
Avian RNA tumour viruses include Rous sarcoma viruses (RSV) and lymphoid leukosis viruses (LLV). Those strains which are commonly transmitted as infectious particles by spread from bird to bird are called exogenous viruses and those which can be produced from normal cells by derepression (due to external or internal stimuli) of the viral gene integrated in the host cell DNA, and which are transmitted like genes, are termed endogenous viruses. Exogenous viruses: The exogenous viruses are classified into four subgroups (A, B, C and D) on the basis of three major criteria: (1) envelope antigenic properties, (2) interference patterns, (3) host range. Within each subgroup a number of strains of RSV and LLV which share subgroupspecific properties have been identified. LLV usually takes several months to produce tumours in vivo and does not readily transform the cells in vitro. On the other hand, RSV readily transforms chick embryo fibroblasts in tissue culture and induces tumours within a few days. Some strains of RSV are defective and need the concomitant presence of LLV in the cell as a helper virus to provide envelope components necessary for the replication of the RSV. Defective RSV has been used to synthesize pseudotype viruses which carry the RSV genome with an LLV coat, for example RSV (RAV-1).
Avian cells resistant to one subgroup A virus, RSV (RAV-1) for example, can be predicted to be resistant to all other members of subgroup A, including strains of LLV. This important discovery has revolutionized the methodology of the genetic study of resistance to avian tumour viruses because for such study the conventional method of exposing the chickens to virulent LLV has been replaced by infection of their progeny with RSV in the laboratory. Endogenous viruses: Several different lines of investigation indicate that normal avian cells carry viral genetic information in a latent state. It has been suggested that the viral information exists as a pro-virus integrated in the cell DNA and that under favourable conditions the provirus is translated into complete viral particles which are released from the cell. Evidence for the existence of genes of RNA viral origin came from four types of investigation: (1) homology between cellular and viral nucleic acid; (2) the presence of viral specific proteins in uninfected cells; (3) complementation of defective viruses by endogenous virus; (4) rescue of the latent virus in an infectious form (Weiss 1971) . The endogenous leukosis-like viruses such as RAV-0 which were rescued by artificial induction of chick cells or spontaneously (Crittenden et al. 1973 ) possess envelope and host range properties different from those of the viruses characterized under the four subgroups A, B, C and D, and they were therefore placed in a new subgroup, E (Hanafusa et al. 1970 , Weiss etal. 1971 .
Genetics ofInfection by Exogenous Viruses ofSubgroups A, B, C and D
The distribution of viruses of these four subgroups in domestic and Red Jungle fowl has been studied by examining field isolates, and by examining the birds for the presence of antibody (Purchase 1966 , Calnek 1968 , Weiss & Biggs 1972 , Sandelin & Estola 1974 . These studies indicate that viruses of the A and B subgroups, and perhaps of the C and D subgroups, are ubiquitous although subgroup A virus is more frequent than the other three subgroups. Recognition of genetic resistance and assay methods: In the chorioallantoic membrane (CAM) assay for RSV it was consistently observed that some CAMs were not producing pocks in response to the virus. The reason for this was investigated by Prince (1958a, b) , who suggested that mendelian genes regulate the incidence of nonreacting CAMs. Payne & Biggs (1964a, b) used the tissue culture (TC) assay (Temin & Rubin 1958 ) to obtain information on the susceptibility of several highly inbred chicken lines to RSV. Because of significant differences between lines in the average focus response of the cultured cells, they suggested that genetic resistance to infection with the virus is expressed at the cellular level. It has been postulated that cells carrying receptors for the attachment of viruses are susceptible, and those lacking these are resistant, to tumour viruses (Piraino 1967) . Vogt & Ishizaki (1965) have proposed a nomenclature for the phenotypic difference of chick cells to viruses of the several subgroups, e.g. cells of C/A phenotype are resistant to subgroup A Table 1 Chick cell phenotypic designation in response to viruses of subgroups A, B and C Subgroup virus
virus and those of C/O phenotype are not resistant to any subgroup, that is, they are susceptible to all subgroups tested (Table 1) .
Chick embryo phenotypes can be recognized by the CAM or TC assay method and two analytical procedures are used for handling the pock or focus count data when assessing the number of genes which control the response of embryos to RSV. Coding ofpock or focus count data by histogram:
Both assay methods serve the same objective of enumerating the statistic, pock or focus response, which has a mean and a variance. Therefore, response to RSV is not a classical mendelian (all-or-none) trait, because the response of individuals to RSV cannot be categorized un. ambiguously into a few (usually two) distinct groups. Nevertheless, on the basis of the distribution of pock or focus counts it is often possible to code the numerical trait into two phenotypes, resistance and susceptibility. It has been shown by us , Pani 1974a ) and by others (Bower 1962 ) that the pock or focus counts arising in response to a standard dose of virus are log-normally distributed with a specific pattern, such as a bimodal pattern (see Fig 1) . However, the bimodal pattern of distribution of pock and focus counts depends on the frequency of the resistance genes in the population. Ifrthe resistance or the susceptibility gene is at or near fixation, the histogram will show a unimodal pattern with a shift to the left or right respectively. Under a system of random mating of the individuals in the population, and in the absence of natural or artificial selection for the resistance or susceptibility genes, the distribution of the trait is bimodal, when only a few pairs of genes control the numerical trait (Allison 1965). By visual inspection of the histogram the lower mode is allocated to the resistance phenotype, and the upper mode to the susceptible phenotype (Fig 1) .
The histogram basis for the recognition of the two phenotypes leads to the assumption of a mendelian hypothesis of one locus with two alleles, one allele for the resistance response and the other for the susceptibility response. The agreement between the observed and expected phenotypic segregation ratios is tested in various genetic crosses. The decision in favour of a single locus genetic control of the response of embryos to the virus is made when the observed segregation ratio agrees with the mendelian ratio expected under the hypothesis. Sometimes overlapping of the two modal distributions can create a difficulty in recognizing the two phenotypes. Factors such as modifying genes may affect the bimodality of the response distribution.
If recognition of phenotypes is difficult by the histogram method, it is possible to apply Wright's or Castle's formula (Bower et Biggs 1974) to estimate the number of genes which control the trait. Genetic hypothesis: Single gene effects are easier to discover in inbred lines than in noninbred segregating populations. Genetic tests using crosses between highly inbred lines which differ in their response to RSV have provided evidence that single autosomal loci control the response of fowl to viruses of each of subgroups A, B and C (Payne & Biggs 1964 , 1966 , Crittenden et al. 1967 , Motta et al. 1973 ). Identification of loci: Three autosomal loci, i.e. tva (tumour virus a), tvb and tvc, with two alleles at each locus, have been identified. The susceptibility alleles as, bS and cs are dominant over the resistance alleles, ar, br and cr, respectively. A comparable tvd locus has not been shown in chicken lines, and recently we have shown that the tvb genes control the response of chick embryo cultured cells to subgroup D virus because cells resistant to subgroup B virus were resistant to subgroup D virus, whereas cells susceptible to B were also susceptible to D (Pani 1975) . Contrary to our results Duff & Vogt (1969) reported that the C/B cells can be infected with subgroup D virus. This suggests either that a tvd locus exists in other chicken lines or that there could be differential threshold levels of the C/B cells for infection with subgroup D virus. The hypotheses for genetic control of susceptibility to RSV have been mainly provided by studies with inbred lines, but practical application of the genetic hypothesis must be tested in commercial chickens. Unfortunately few studies in commercial chickens have been reported. A survey in the USA by Crittenden & Motta (1969) supported the single locus genetic control mechanism for the response of light breeds of fowl to viruses of subgroups A and B. In the heavy breeds, however, the response to B and C viruses did not provide evidence for a simple mode of inheritance. In the UK no comparable survey has been made, but an investigation with two commercial lines supported the single locus control mechanism for the response to subgroup A virus (Pani & Biggs 1973 . Linkage relationship between the tv loci: Two traits are associated if the genes controlling the traits are on the same chromosome (incomplete linkage), or if the genes controlling one trait pleiotropically control the other (complete linkage). In these cases selection for one trait brings improvement in the other. A search for linkage between the tv loci revealed that the tva and tvc loci are closely linked, and that possibly the tvb and the tvd (putative) loci are completely linked , Pani 1974b , Pani 1975 .
Another interesting finding is that the female (heterogametic) parent influences genetic recombination between the tva and tvc genes (Pani 1974e) . Such heterogametic sex influence is common with other species such as man, mouse and Drosophila, where crossing over between the two linked loci is either completely or partially suppressed. Dominance and interaction of tv genes: Despite the fact that resistance and susceptibility to RSV are not classical mendelian traits, the genes which regulate these traits are considered to be mendelian genes because in accordance with Mendel's first law of inheritance the two traits segregate. Complete dominance of the allele for susceptibility is the basic assumption on which the F2 phenotypic segregation ratio, 3:1, depends and except in two studies this assumption has been fully supported. In the two exceptions directional variation of dominance, i.e. dominance of the allele for resistance, was reported (Payne 1971 , Dhaliwal 1963 . Variation in degree of dominance was shown in the results of genetic crosses F1 and F2 between resistant and susceptible strains, where partial or no dominance of the allele for susceptibility was found (Prince 1958b , Bower et al. 1965 , Pani & Biggs 1974 . Variation in the degree of dominance of the allele for susceptibility as suggested by these workers relates to the differential degree of phenotypic expression of homo-and heterozygote susceptible individuals for the neoplastic transformation of cells as measured by pock counts.
Interaction between non-alleles is called epistatic interaction. With this type of interaction the expression of one gene is suppressed by another, either completely or partially. Such epistatic interaction modifies the phenotypic expression of the genes. In the response to RSV of subgroup C it has been observed that black embryos of i+i+cscs genotype were four times le~s susceptible than white embryos of Ilcscs genotype, indicating an epistatic interaction between the tv and plumage colour genes (Pani 1974a, c) .
Genetics ofInfection by Endogenous
Viruses ofSubgroup E Normal chick cells carry repressed information of tumour virus-like RNA as a DNA copy integrated into the cell DNA. Under the derepres-sion caused by external or internalstimuli the integrated viral information is translated into complete virus which is released from the cells. These released viruses, i.e. RAV-O, ILV , Crittenden et al. 1973 can combine with RSV to form pseudotype viruses which behave as exogenous viruses and are subject to host range restriction in their ability to infect other cells. Genetic hypothesis: Genetic studies of the response of the inbred Reaseheath lines I and C to exogenous subgroup E virus, as typified by RSV (RAV-O), have shown that the response is not under the control of a single locus but under a more complex genetic control ).
Whereas the inbred lines, I and C, and their F1, were uniformly resistant, their derived F2 and F1 x C line (back cross) progeny showed segregatiori of resistance and susceptibility responses to RSV (RAV-O). Because segregation of the susceptible phenotype from two resistanit parental lines occurred, results were incompatible with a single locus genetic control. The segregation ratios of resistant to susceptible phenotypes of 13:3 and 3:1, found in the F2 and back cross respectively, were compatible with a two loci genetic hypothesis . Evidence obtained from other inbred lines, Reaseheath W line and line 151, supports the two loci hypothesis (Pani & Payne 1973 , Pani 1974d ).
These two loci are termed tve and inhibitore. The susceptibility allele, es, of the tve locus is assumed to be dominant over the resistance allele, er. The inhibitore locus carries the dominant allele, le, which has an inhibitor effect on the expression of the es allele, and the recessive allele, je ( Table 2) .
Because of dominance within, and the epistatic interaction between, allelic pairs nine possible genotypes code for only two phenotypes. Thus the Ie-es-, ieieerer, and Ie-erer genotypes are phenotypically identical and resistant to subgroup E virus. The other possible genotype, ieiees-, is phenotypically different from these three, and is susceptible to subgroup E virus. The first three genotypes are termed genetic resistance types 1, 2 and 3 respectively (Pani 1974d) .
Thus in fowl, genetic resistance to subgroup E virus is different from that to the other four subgroups of RNA tumour viruses. Two mechanisms have been suggested for the expression of subgroup E resistance: (1) The Ie gene is regulatory and controls a virus product derived from the endogenous virus which blocks the es-coded receptor. Under this hypothesis the inability of exogenous E virus to enter the cells can be explained by assuming that the receptor is already occupied by an isoantigenic product of the related endogenous virus . (2) The Pe gene is regulatory and controls a repressor substance for the inhibition of the E-operon. The hypothetical E-operon has es and perhaps other structural genes which code for the E-receptor. In this case the E-virus is unable to penetrate the cell because the early infection events are absent due to lack of specific receptors on the cell surface (Pani & Payne 1973) . Crittenden et al. (1973) and others (Weiss et al. 1974) have confirmed the existence of the 1e gene in various chicken populations, although the presence of the tve genes independent of tvb genes has not been supported. Crittenden et al. (1973) believe that the tve locus could be tvb locus per se, although we have contradictory evidence from our studies in the Reaseheath lines . Presence and inheritance of group-specific antigen (gs-a) expression in normal chick cells: The nucleoids of avian RNA tumour viruses contain a common gs-a . Infected chick cells show the presence of virus-induced gs-a which is detected by the complement fixation for avian leukosis (COFAL) test . Chick cells free of infectious leukosis viruses also express an antigen which is indistinguishable from the virus induced gs-a (Dougherty and Di Stefano 1967, Payne & Chubb 1968) . The gs-a expression in normal chick cells indicates that this antigen must be synthesized by the chick cell itself. Because the gs-a positive expression is dominant over the gs-a negative expression with an inheritance pattern in accordance with Mendel's first law, Payne & Chubb (1968) postulated that natural gs-a expression is under the control of chick cell genes. They proposed a single autosomal locus gs with gs+ and gsalleles, gs+ being dominant over gs-. The gs+ gene regulates the positive expression of gs-a (Weiss & Payne 1971) . The occurrence of this gene-dependent gs-a, lends support to the oncogene theory which postulates that all individuals carry tumour virus information (Huebner & Todaro 1969) .
Presence and inheritance of virus envelope product in normal chick cells: In addition to production of gs-a, Hanafusa et al. (1970) pointed out that normal chick cells are able to synthesize a viral envelope. They were able to show that this envelope can coat the genome of transforming RSV to produce an RSV pseudotype with a host range similar to subgroup E virus. They called this envelope activity chick helper factor (chf). Chf expression in the chick cell may be under the control of the gs genes or of genes of another independent locus in close linkage with the gs locus (Weiss & Payne 1971 , Hanafusa et al. 1974 .
Conclusion
It is apparent that viral information of subgroup E virus is carried endogenously probably by all chick cells, but that only under certain conditions is this genetic information translated into complete virus. It is not yet known how and what factors control the complete expression of the viral genome. One factor could perhaps be the inhibitor le gene which suppresses the expression of the susceptibility es gene, although it is not known in what way the function of the es gene is related to the expression of the endogenous E virus. It is fortunate that host cells have genes which control infection by the exogenous viruses of subgroups A, B, C and D. The concept that chickens carry these genes has been 'based on evidence of the segregation of resistant and susceptible phenotypes in the population, but the mechanism of the genetic control is explained by two critical assumptions: (1) that the cells carry receptors on the cell surface for the attachment of the tumour viruses; (2) that these receptors are coded for by the cell genes. Nothing is yet known regarding the molecular structure of these receptors. Indeed it is an important question why chick cells should have susceptibility genes for these undoubtedly harmful exogenous viruses. Possibly some pleiotropic action of these genes, beneficial to the host, could be responsible for their maintenance in chickens. If so, what are these pleiotropic gene functions? These questions are a few of the many that must be answered in order to understand fully the genetics of host resistance to infection by avian tumour viruses.
